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Abstract 


Ifydrogcn  atom  inipture  from  chemically  activated  ethyl-dj  radi¬ 
cals  has  been  studied  end  is  cojjq?ared  \#lth  a  similar  reaction  of 
ethyl=-d^  radicals.  The  activation  tractions  v;ere  :0  atom  addition  to 
ethylene  or  to  trails -ethylene">d^.  A  very  large  normal  statistical 
intenaoIeculax>  secondary  kinetic  Isotope  effect  of  ^1.5  per  D  atom 
substituent  was  found.  The  expcrlmer.tal  resixlts  are  in  concordance 
with  the  theory  and  conx'orm  to  the  fornailation  of  these  effects  pre¬ 
viously  given  (reference  2).  The  calculated  effect  is  -^1.6.  ^ese 
magnitudes  per  D  atom  are  consldej^ably  enhanced  over  those  obtained 
for  butyl  radicals.  This  is  expected  since  the  average  excess  energy 
of  sthyl  is  less. 
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INTRODUCTION 

The  existence  of  relatively  large  statistical  secondaxy  Inter- 

molecular  kinetic  isotope  effects  in  non-equlUbrlum  xmlmolecular 

1  ? 

has  been  pointed  out  and  thelz  nature  described.  *  These  effects, 
being  statistical  rather  than  mechanistic  In  nature,  have  magni¬ 
tudes  «hlch  depend  on  the  degree  of  Isotopic  substitution  of  one 
BK>leoule  with  respect  to  the  other.  Depending  upon  the  nature  of 
the  activation  process  both  Inverse  and  normal  isotope  effects  may 
arise.  The  two  effects  are  related. 

The  former  effect,  which  arises  by  thermal  activation,  need  not 
be  consldez*ed  in  detail  at  this  time.  A  <|uantltatlve  quantum  sta¬ 
tistical  formulation  of  Its  magnitude  was  given  by  Hablnovitch, 

Schneider  and  Setser^  in  terns  of  the  RRKH^  description  of  unlmolecu- 
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lar  processes,  and  further  discussion  has  since  been  given.  '  £x- 

perlmoital  verification  of  the  occurrence  of  inverse  effects  has  been 

obtained  with  the  Isocyanlde  Isomerization  system  and  the  obsex*ved 

and  predicted  loagnltudes  agree  quite  well.^ 

The  normal  effect  may  arise  more  generally  by  several  activation 
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techniques  which  so  far  have  Included  chemical  activation,  '  photo- 
sensitization^'®  and  electron  Impact. Of  these,  the  former  seems 
the  most  exen^lary  at  present  and  permits  facile  exploration  of  the 
energy  dependence  of  the  magnitude  of  the  secondary  isotope  effect. 

An  outline  of  the  theory  of  the  effect  was  deserf-bed  by  Rablnovltch 
<uid  CuiTent,^  and  may  be  considered  in  more  detail  in  its  relevance 
to  the  present  study  as  follovrs. 


DESCRIPTION  OP  NORMAL  STATISTICAL  ISOTOPE  EFFECT 
General  Expression 

Consider  a  speoiee  A  which  is  energized  to  levels  above  the 
threshold  for  reaction  i. e.  is  activated.  Then  depending  upon 
the  pressure  of  the  system,  either  reaction  (say  decoinposition)  or 
collisional  stabilization  will  occur 

* 

A(8)  -^products  (Dg) 

A(ef4-M  ^A  (S) 

The  nature  and  efficiency  of  the  collisional  stabilization  process 
is  not  of  importance  here  and  will  simply  be  characterized  as  an  as¬ 
sumed  known  effective  collision  rate,  which  is  independent  of  e. 

Then  if  both  processes  and  S  are  taken^^  to  be  Intrinsically  ran- 
dom  in  nat\ire,as  seems  to  be  a  good  assumption  for  some  modes  of 
activation,^ *  a>  D^/S,  where  e  refers  to  a  particular  level  of 
activation*  For  more  than  one  energy  state,  an  average  rate  constant 
Is  expressed  as  »  o  D/S,  where  D  and  S  are  total  amounts;  is 
measured^ in  this  ease,  relative  to  the  stabilization  precess  as  time 
clock*  (For  other  techniques,  such  as  mass  spectral  measurements, 
other  measiires  of  kg  or  may  be  obtedned* )  For  a  pax*ticular  acti¬ 
vation  teohnlque  whicli  gives  rise  to  energy  distribution  functions 
f(s)  of  the  activated  isotopic  species,  is^^ 

cl 


i 


f(e).^  de 


(2) 


Mhero  Buboez^pts  H  and  1>  are  med  to  deeignata  the  isotopie  species ^ 
This  e3i^i:*esBion  is  too  general  to  be  U8«>fiil  for  espos.ttoiy  purposes® 
Accordingly,  for  a  pure  secondary  isotope  effect  take  £,^jj  ®  c^p  «*  ®q# 
and  lot  f(e)jj  *  *(®)i5  •“f(2)o  Then  eq«  (s)  becomes 


f  kgjj<*f(e)  /f  kgp"f(e)  de 

e^o  / 


(^) 


idilch  is  eq.  (2)  of  reference  (2)» 
At  low  presBiireS;  o)  0 


^^aH^aD^O  ■ 


(5) 


Expressions  sljjrtlar  to  the  nuiuerator  and  denonrlnator  of  (?)  - 

(5)  have  been  evaluated  in  p»revious  papers  v?lth  use  of  a  Marcus® 
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Blce^  expression  for  kg,  together  vjith  ecciirate  ecnrsutation  of  the 

(luanttsa  statistical  <mergy  density  e3t3>res»ionf»  involved  in  kg  and 

f(e),  in  the  form  that  the  latter  takes  for  ai'nsmieal  activation^^'^^ 


due  to  thersisal  spread  of  the  reactsats 


Energy  Dependence  of  Isotope  Effect 
A  Simplified  Forre 

In  these  non^squlllbriuia  systeras  the  detailed  natia*©  of  f(8) 
is  an  "accidental'’  ehai^cterlstic  of  the  experimental  technique  and 
pairticuiar  i’eaction  being  studied^  For  a  pax^tleularly  aiat^le  form 
of  f(e),  the  characteristics  of  the  ratio  more  readily 

hibited»  For  f(e)  ;y  5(e),  a  condi.tion  that  may  be  readily  approxinsei- 
ted  in  practice  in  some  syateias,  eq»  (3)  beGomeB 

a..e^ 

^rH  Z 
^**0 

^aH^aD  -  ^^el/^eO  - - -  " - -  (6) 

ST'  ^  t  « 

^rD  L 

«0 

vr 

•3 

vihere'^  each  1^,  is  a  i'>esidue  of  m-oments  of  inertia  of 

rotational,  partition  functions  of  the  molecule  and  activated  comples!;,? 

the  summation  term  is  over  the  degeneracies  of  all  possible  values 

of  active  energy  states  for  vibration  and  rotation  of  the  activated 
* 

complex j  and  is  the  density  of  active  energy  states  of  the  acti¬ 
vated  moleculOo 

15i©  enez^  dep^ident  portion  of  eq.  (6)  may  be  x^earrenged, 


Botl"*  the  aetl'mted  cojsplex  sma  and  the  raoleci;sle  teisitj;'  for  the  deu- 


■•drated  species  are  larger  tiian  those  for  the  light  specie®  because 
of  the  closer  energy  level  spacingfl  of  the  fonaer<.  Heaee  the  siaa  ra¬ 
tio  of  eq*  (?)  Is  less  than  iinity,  while  the  density  ratio  is  such 

activated 

areater  than  unlty^  the  latta?  dominates  the  expression  sincey\coM®lex 
aiergy  is  at  the  low  level,,  e  «  e^,  wiiile  utolecule  energy  is  e„ 

Sinoe  the  sum  ratio  varies  xcorc  strongly  with  enei^  than  the 
density  ratio*  an  increase  of  e*  and  therefore  of  e  -  causes  a 
decrease  of  Conversely,  the  maxlHum  value  of  eq#  (7)  for  a 

given  ehenieal  system  i»e*  for  a  particular  characteristic  value  of 

V"’  t  V'  t 

e^,  is  obtained  when  a  “*■  e^;  then  2_,  "  Zj  ^ 

^rAl/^rD**cD 

which  is  eq,  (4)  of  ref«  (2).  As  pointed  out  in  ref,  (s),  apart  from 
the  negligible  ratio  the  maximm  value  that  eq,  (8)  can  attain  for 
active  vibrational  degrees  of  freedon).  la 

lT''lHy^TT''iD  (5) 

This  occurs  When  !•  e»  critical  energies  such  that  classldal 

b^iavior  is  followed,^®  so  that^® 

'TT  (io) 

/  i»i 


where  each  molecule  is  described  by  s  active  vibrational  modes.  Active 

critical 

rotations,  if  any,  sriLll  at  low  ^energies  contribute  a  ratio:  in 

moments  of  inertia,  » h>_J 


Ijlj  ,  which  complements  the  ratio  of  eq.ip}< 


C5“H,  0— D  Isotope  Effects 


As  a  rough  rule  of  thumb  for  many  0~ll~  C—D  systems.,  the  value  of 
the  ratio  of  eq.  (9)  is  ^  2.2  for  a  single  substituent;  for 

deuteration  of  a  hydrocarbon  siiolecule  with  n  D  atoms,  the  correspond” 
ing  order  of  magnitude  ratio  Is  ''•'  (1.51'^^^  vahers  th©  approximate  fae- 
tor  0.05  and  the  exact  iTiagnltude  of  the  ratio  are  governed  in 

detail  by  the  Teller-Redlich  product  rurf.e.  The  ratios  commonly  ob¬ 
served  for  equilibrium  CusecliEnistic)  secondary  isotope  effects  are" 
ffit 
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1. 12  per  D  substituent,  vaiying  a  little  with  tengperaturs,  and  with 
A 

statistical  effects  largely  cancelling  for  the  reasons  described 
2 

previously. 

liifseriiaental  b'saxdijs;  on  tlicj  abcv©  diseusfiic/ss  h'SM  been 

obtai.n^2d  for  chesisioal  activation  of  soO’-lK&tyl  ra'iicalB  decom** 

I 

pose  to  metlsyl  •!'  :;>2'ai:‘yle:3e«  'Hs©  avers.  v'aXuo  ^s)-  of 

redleals  desd-vod  fr''r.i  H  atoica  ©M  hiis*- 2  is  a  of  pres---* 


aures^^  at  >00®  K, 

9«9  tecal  mole"*^!  at  5-95^  K?  th©  aarro  Q’a;'?,ti'r»;v©3  are  %''}  smd  8*5  Iscal 
raole*”^,  respeotivs-lri  alno  55  icctal*.  the  t;y’£5te>:a  £is«lmtenes 

cis-hutene-doj  som-e  ©'-■•’Qer'Xj-iS’t-al  yatXQT>  a,:.;-'"  and  5*7 

at  500®  and  195*“  3  rfv  pactivo-Xyi?  '•  >, 0 

tailed  forjixs  of  e-is.-  (4)  im-:\  ;5)  -spu-ly  have  been  iglvea  previously 

Qcod^  asreeaient  vrith  theimtical  Valueva  aalculgutod  by  ^;uc0ux-ate  siJT. 

xiatlon  of  the  €?<2U3.t.lc^is  with.;  use  o;J‘  the  ;y5;3,rcpriato  JiVi^uenciy  s\:odel3,, 

was  obta:lned;^  both  the  o"as;.rved  ai:»d  eal';rUlatsd  .mag5.;&f  jbcjs  eorresponi. 
rate  ratio  total 

toAfactors  of  It,  20  (p  »  O)  ©.ad  'ji  ■»  respvstively* «  per  B 

atom  suJxBtlttiente 

Enhancesttenfc  of  the  observed  ratio  b::;cu1c.  acoompaisy  ;i’«rfcher  de¬ 
crease  of  (<(«>  “  a&  by  -use  of  xbaGta-itB  However, 

for  atom  addition  as  the  activation  rerv-tSor.,  A  X’Sssliih  ?suite 


large  for  sa£~buty3  decoispogition  sIbchs  the  formblon  of  one  bond  type 
(CMJ)  Is  followed  by  rupture  of  a  v;e&k0i‘  bond  tjpe  I>eci*ease 

of  (<^6^  “  ^q)  recidlly  effected  tin  principle  by  ues  of  a  sys**- 

tesa  in  vAilch  the  same  bond  type  is  nsade  and  foroke-nj  e*g.  an  ethyl  radi¬ 
cal  is  fonaed  on  S  atom  addition  to  ethjy’lene  or  ethyl^no-dg,  and  ad¬ 
dition  is  followed  by  niptux*e  (moat  fr«9quently}  of  a  0'-II  bond. 

The  ener^  quantities  involved  ax*e  a  3d t tie  d3.ffermt  for  ettiyl- 
d^  and  ethyl-d^  due  to  a  sme;!!  dlffermce  in  heat  capacities  and  ther¬ 
mal  energies  for  thefse  fipecSes*  Also,  since  the  sxclteti  species  are 
fractionated  a  little  with  r’eepect  to  energy  by  eicultaiioous  K  arid  P 
rupture,  the  average  excess  energy  of  the  formed  radicals  ^es 

not  quite  coincide  with  the  average  energy  of  the  radicals  reacting 

(by  H  rupture)  at  p  ®  0,  le&o  <(e’^X,  j  Is  thus  still  a  little  fur- 

sll^t 

ther  different  for  ethyl-dj  and  ethyl-ii^,  {^Phls4  complication  is  ab¬ 
sent  for  species  suoli  as  sec-butyl  vibiiah  decompose  by  a  slrMjle  path, ) 

As  coi35>ared  with  the  butyl  system,  is  reduced  to  C,8  and 

3.6  kcal  iaolc“^  at  195®  and  500*  K,  reupectively,  as  an  average  for 
the  two  ethyl  radicals,  according  to  the  values  of  CR« 

15:, e  Etbyl-d^  j  Ethyl.-ii^  System 

The  present  paper  repoz-ts  the  coar^arative  study  of  etiiyl-d^  and 


ethyl-dj  deccmposition  at 

195®  and  5C0’  K. 

Kie  reaction  scheme  for 

the  ethyl-dj^  system  is 

D  +  CgH;.  — * 

(1) 

GgH^D  +  H 

(2) 

,  Kr 

CgHi^  +  D 

(3) 

00 


Ihe  corresponding  acheisn  Tor  the  ethyl “d^  sr/stem  Is 


D  +  trans*CJfirtD«  — *• 

CHDCHDg»* 

(la) 

CHDdlDo* 

ii 

CjjHD-  +  n 

(2a) 

CHDCBDo”* 

A 

c^-CgHgD^  {or  tgana-0^2^^,)  D 

(» 

CHDCnDg*"*  '1*  M  ^ 

CHDd-mg*  4-  .M 

(^a) 

'Jaie  chemically  activated  radicals  ar-e  forcied  In  a  n.on'»equllibriaai  dis- 

<\h 

trlbution  (x*elativ(3  to  the  ambient  tsrriiierature)  at  an  estrlaiated  ndrd- 
inuin  energy  above  the  vibrational  ground  state  of  41.5  kcal  r!K>le“”. 

The  tri-deuterated  radical  ie  assimied  to  be  fox^Eed  vriLth  tli®  same  mini- 
aam  energy  as  for-  the  irono-deuterated  radical,  axid  for  reaction 
(2a)  is  assumed  to  be  the  saias  ae  for  reaction  (i*),  given  as  59«‘5  Iccal 

ml 

mole  by  CRe  :Lb  he:c*e  raised  a  little  above  the  value  for  the 
butyl  system.,  but  p:c*3.noipal  variation  betweei?.  the  tm  systems  Is 
the  excess  enei'‘gy  and  not  tiio  critical 

Data  and  detail  for  ethyl-d^  have  beta  given  by  (TRi  the  the;r*iaO“ 

y 

chemical  quantities  and  expressions  for  k,  are  also  valid  for  the 

ci> 

y 

ethyl-dj  case.  Details  of  the  experiiaental  insults  for  ethyl-dj  ai»e 
presented  here. 


SXPSRIKENTAL 


The  experimental  mtethod  vras  the  H  atom  diffusion  apparatus  de¬ 
scribed  earlier.  All  aspects  of  the  technique  and  analysis  are  simi¬ 
lar  to  those  employed  prevloiLsly,  Pliillips  research  grade  of  liglit 


9 


ethylene  was  tuaed  without  further  pm'ification* 

RESULTS 

Interpretation  of  the  Analytical  Data 

The  number  of  ethyl-d^  radicals  which  decoropoBod  by  reaction  (2}jj 
Djuj,  was  measxired  by  the  aaount  of  ethylenc-d^^  forssecl  in  the  reiaction*. 
The  rate  of  this  reaction  is  determined  by  the  cois^petition  with  reac- 
(4)o  Ihe  nunS)er  of  stabilized  ethyl-d^  radicals  mm  deteOTlned 
from  the  stabilization  reaction  products »  Assuming  unit  collisional 
deactivation  and  a  molecxilar  dlsnseter  of  4, 95  It  for  both  ethylene  and 
ethyl  radicals,  the  apparent  avexage  experiinental  rate  of  Iiydrogen 
rupttura  was  deterciined  as  •  o 

Reaction  (?)  does  not  resxilt  in  new  products  so  it  oouM  not  be 
experiomtally  observed,  but  it  does  not  offer  a  iscrious  coi!»licatioij». 
Frozn  the  work  of  CR  it  may  be  estijnated  to  represent  I5  ”  20??  of  the 
total  deconipositlon  processes  by  reactloris  (2)  plu^  (?)»  AllowaSiCe 
for  reaction  (3)  la  irjadc  in  the  tlieoretIca?i.  calculations  1  it  t®ncB 
to  fractionate  the  ethyl  radicals,  particularly  these  fcrjaed  at  the 
higher  energies  o 


Stabiligation 

Reaction  (2)  resulted  in  the  foi-A'satxon  of  H  a.tomi  In  the  reactor^ 
Ihese  produced  light  ethyl  i^dlcals  and  it  v^as  necessaxy  to  consider 
this  in  the  interpretation  of  the  products^.  Methyl  radicals,  >iiich 
arose  following  the  addition  of  an  atom  S;o  an  ethyl  radical  to  fcm 
a  ”hot"  ethane  molecule,  ccrJsined  ^«ith  etliyl  radicals  to  git'®  propaui^^ 
Kethyl  radicals  arose  mve  frequently  from  the  additior.i  of  an  atom  to 
lildit  ethyl  radicals  vdxJmh  wejro  paresent  in  lax^ger  steady  state 


3,0 


concentration  than  ^thyl-d,^  radicals  as  a  eoriSecpence  of  the  occur¬ 
rence  of  reaction  {2)«  The  total  nuEater  cf  light  ethyl  radicals 
which  were  collisionally  stabilized  is  given  by  the  expression 

«  (1  -t-  ethaneAuta:ie)(2  butane-d^  +  butane-d^)  *5*  1.5  propane-d^ 
+  7/B  propane-dj  +  lA  propane-dg. 

The  oolllslonally  stabilized  ethyl-d^  radicals  may  be  ec^ressed  as 

3^  (1  +  ethaneAutane)(butane-d^  +  2  butane-dj^}  5/B  propane-d^^ 

+  1.25  propane-dg. 

The  first  tearas  in  these  equations  aecoxmt;  for  tiie  stabilized  radi¬ 
cals  Mhioh  vere  measured  as  butane  and  etliane,  and  the  last  terms  for 
those  vihioh  resulted  in  propane  formation.  The  formulation  of  such 
oquaticms  to  describe  tlie  products  was  consideTOd  in  more  detail  by 
CR. 


Decomposition 

Decomposition  by  K  rupture  of  as'*  caiergized  ethyl-d^  radical  pro¬ 
duced  ethylene-dj^.  Some  of  this  product;  uas  removed  by  i’urther  reac¬ 
tion  with  a  hydrogen  or  deuterium  atom;  ifjnorlng  any  slight  isotopic 
difference  in  rates  of  atom  addition  to  ethyl  ene-dj^  and  light;  ethy- 
lene,  the  amount  removed  is  given  by  the  othylene'd^  fract5,on  of  the 

total  ethylene  which  reacted  w3.th  an  at^>m  and  was  converted  into  ata¬ 
ri ' 

hillzed  products  4  plus  also  the  ethylene-dg  which  was  formed  by  D  ad¬ 
dition  followed  by  H  rupture.  Some  extra  ethylene-d^  is  also  formed 

by  the  disproportionation  of  ethyl  radicals*  inius  the  amount  of  de- 

* 

oonposition  of  C^i^D*  by  hydrogen  atom  mpture  is 


-  |:^^|('j  fcatane-dj  <■  |  butuns-a,) 


Itore  detailed  corre-stlciis,  includins  resijo'^ral  of  stli2rl3iifc»-ci-i  by  H  ad** 


^tlon  followed  by  B  ruptu-f^e^  were  aotuslly  applied  to  thgi  esqjerl- 
mentally  determined  quantities  but  these  were  insigpiiflciantly  dif¬ 
ferent  in  magnitucl®  fma  tlis  oorroc felons  descrlbeda 


The  calculations  for  the  px'eaent  data  are  not  dii^eetly  applicable 

to  some  recently  reported  experiments , since  the  ethylene-d^  was 

not  given. 


low  Preaaure  Ftate  Constants 


The  products  for  rmB  at  195*  and  500®  K  are  lis'sed  In  Table  !« 

Only  lower  praraure  i»5asu3:^a;ienta  wore  sisade  on  tkla  s^-stem  i.So 
only  the  lower  raj.'iSS'  of  S/B  values  was  accesoible  tdlth  the;  proaent 
experimental  teol'inl'OiLe.  Tl>s  Mghest  va:iu«)  of  S/')  obaoxnrecl  ims  0,5 
at  195*0  data  ars  .limito-d, 


Of  the  four  dotcminavioras  of  a'*  500®  K,  the  Ksaarrement  at 


a 


highest  preBBui*e*  Si  6  ma  (s/B  0,22),  is  also  in  a  r-jsio’'i  where  qx<' 
perimental  error  5.n?.raa3e3  mpidly  with  tJse  p-res'snt  technique..  Hence 


the  three  lowest  values  wera  averaged  to  give  k, 


■ao> 


slaoe  they  corree- 


pond  to  veiy  low  S/.C*  ratioa  frou;  0,  025  -  0.0^^,  -this  la  pemlBsible  be 

cause  the  calculated  valuea  in  Table  I  in.!icate  only  5^  rdso  in  k  above 

5y5>»0,098.  ^  .V 

k  ^  at  /  At  195  t  the  highest  presBux’^^  f2„5  mm)  I’el'ig  ccrrespoiads 

AO 

to  s/d  m  Oc  5 f  vjhich  is  moll  too  hig^?  a  value  to  l:>e  ii?.iiIudefS  in  the 


average,  and  only  the  tm  lowest,  values  at  S/D  «  o,  o62  .and  0,17  wero 

used  to  obtain  k. 

«*V/ 


These  value®  a.r'>3  pL'.^sentcd  in  Telrle  II 


with  earliei?  detemtnatione  of  for  etJajrl-dj.  l^her.i  allowance  ia 
made  for  reaction  path  degeneinicy  (tw  for  eti:iyl”»d.j^  and  one  for 
ethyl-dj),  values  of  2,4  3.1  for  the  secondary  Isotope  effect  at 

195*  and  300®  K,  respectively,  are  obtained,  These  quantities  are 
inverted  with  regard  to  the  e3q[>ected  teijiperature  effoct;  lowering  of 
the  average  energy  as  given  by  f(e),  upon  lowerings  of  teoi^rativre, 
should  cause  the  magnitude  at  195*  to  be  the  larger.  This  theoreti¬ 
cally  expected  effect  is  actually  quite  s^ll  (Table  II},  but  obviously 
the  eq;>erlmental  accursirny  is  not  high  either.  Ifac  data  for  both  tem^ 
peratures  may  be  expressed  by  the  average  x^tio  2.7* 

Further  recognition  xmy  be  given  to  experiRicntal  error  by  cal¬ 
culation  of  the  minimum  ratio  offered  by  the  data.  Ihe  least  value 
at  300*  is  found  from  the  two  lowest  (also  lowest  pressure) 
values t  these  are  10.6  and  10.3  x  10^  sec**^,  or  an  averegs  of  10.5  x 
10^  8ec*'^j  the  least  (also  lowest  pressure)  value  of  at  195*  is 
3.54  X  10^  sec*^.  OonpariBon  with  th©  values  for  ethyl-d^  of 
Table  II  yields  the  ratios,  2.6  at  300®,  and  1.8  at  195*,  or 

an  average  for  the  two  tes^ieratures  of  2.2.  :Lov;er  estimate  for 

the  magnitude  of  the  measured  average  corresponds  to  the  value  quoted 

p 

in  a  preliminary  coiamiidLcation. 

DISCUSSION 

Molecular  Models  and  Calculi  at  ed  Rates 

The  foxTOilation  of  the  calculated  rate  constants  for  etliyl-dj 
was  made  as  for  ethyl-d^  and  evhyl-d2*  moleoxilar  niociel  and  ac¬ 
tivated  complex  for  which  calculations  were  made  were  chosen  on  the 
basis  of  the  criteria  provided  by  the  various  ethyl-dji^  and  ethyl-dg 
models  previously  examined  by  CR.  On  t-Ms  basis  only  the  model  with 


rotatior* 

one  active  iititernal/and  one  active  overall  rotation  for  the  radical, 
and  with  an  active  overall  x’otatlon  for  the  complex,  viaB  used  in  the 
calculations  (Appendix  I).  The  activation  energy  for  D  addition  to 
was  taken  as  1.6  kcal,  identical  with  the  value  previously  used 
for  other  themiochemlcal  (juanties  are  also  as  described 

previotisly.  The  reaction  path  for  H  rupture  f:rom  the  ethyl-dj^  radi¬ 
cals  Is  doubly  degenerate.  The  secondary  isotope  effect  is  obtained 
by  dividing  the  rate  of  H  rupture  as  calculated  for  ethyl-dj^  radicals 
by  twice  the  rate  of  H  rupture  from  ethyl-d^  radicals. 

Table  II  summarizes  the  calculated  rates  and  secondazy  isotope 
effects  for  the  system.  The  isotope  effect  has  a  naxiimun  value  of 
1.66  per  substituted  atom,  at  p  «  0  and  195**  The  corresponding 
value  at  is  only  slightly  smaller,  1.6^.  Ihe  obsexnred  average 
total  isotope  effect  per  substitu^t  is  1*5  or  greater. 

Conolusioiui 

A  large  secondary  isotope  effect  has  been  predicted  for  the 
present  system  and  an  approximate  coi*rect  magnitude  has  been  fo\ind. 
Inasmuch  as  the  D  substituents  are  adjacent  to  the  reaction  site  the 
effect  under  study  la  partly  mechanistic.  This  part  is  associated 

■5  p 

with  the  hybridization  change  sp"^  "■*  sp  ,  for  a  net  of  one  C-H  bond 
as  contrasted  with  one  CHD  bond,  and  there  seems  little  point  in 
making  special  discussion  of  its  magnitude.  Tlie  observed  magnitudes 
indicate  the  essentially  statistical  character  of  the  secondary  iso¬ 
tope  effect  in  this  system. 
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Appendix  I 

Vibration  Frequency  Models 


Ethyl-d^  radicals 

15ie  frequencies  were  assigned  in  manner  similar  to  before  as 
follows:  5000  (4),  2180,  1445  (2),  1510  (  2),  1045  O),  770  (2). 

I5OOO  (2),  2200  (5),  1260  (5),  1020  (4),  680  (2)]. 

The  inteimal  rotation  was  taken  as  free  and  the  figure  axis 
rotation  as  active. 

Moments  of  inertia  for  the  radical  were  calculated,  assuming  a 

tetrahedral  CH^  groups  and  an  angle  of  118*  on  the  CHg  group.  The 

moments  are  24.5,  21.5,  and  5*97  g  mole'^;  127.4,  25.9,  7.88]. 

2  “1  r  1 

The  reduced  moment  for  Internal  rotation  Is  1.25  g  A  mole  il.74J. 

l4 

Quantities  in  square  brackets  refer  to  ethyl-d^. 

Ethylodj^  aetlvated  complexes 

The  ethyl«d^  complexes  v/ere  also  chosen  in  the  same  manner  as 
the  ethyl-dg  coiqplexes.  The  resulting  models  are 

H  rupture  ooitplex:  5050  (5)»  2275,  I56O,  1550  (2),  I065  (2),  815  (3), 

150  (2). 

D  rupture  complex:  3050  (4),  I580,  1340  (5),  930  (4),  110  (2)c 

The  difference  in  zero  point  energies  Is  1«7  kcal  mole**^*  The 
moments  of  Inertia  in  gm  mole"*  eupe  for  H  rupture:  »  22.^, 

*  20.6,  ij  ■  6.77i  and  for  D  rupture:  ij  -  21.1,  «  22.4,  ij  • 

8. 22. 

The  product  rule  agreement  between  the  various  etliiyl-dj  and  the 
ethyl-dj  species  ;<as  2.4jS,  l.ljj  and  for  the  radicals,  H  atom 
decomposition  complex,  and  D  atom  decomposition  comples^jt  respectively. 
Some  mention  of  symmetry  muniber  and  reaction  path  degeneracy  is 


^3 


desirable.  One  use  i;h®  appropriate  tcJtal  sysianetrir  niKiftiers  of 

the  particular  radical  and  complex,  with  the  total  number  of  distin-- 

guishable  activated  conpleices,  to  obtain  the  total  reaction  path  de'» 

21 

generacjr.  Alternatively,  to  assist  in  deciphering  the  situation, 
one  nay  consider  a  radical  of  hypothetically  lowered  K>tational  syin* 
netpy  (by  ’’naiiHclng’'  the  rupturing  H  atora)  and  then  use  the  number  of 
distinguishable  coii^lexes  taultlplied  by  the  number  of  equivalent  rup- 
turable  O-H  bonds  to  obtain  the  total  path  degeneracyi.  Ihe  existence 
of  internal  cosqplicates  thc$  situation,  but  the  result  i§,  in  both 
cases,  the  sane;  the  rate  of  ruptm^e  is,  of  course^not  affected 
by  the  synnetry  of  the  radicals  as  such,  after  allowance  is  made  for 
the  number  of  rupttirable  atoms. 


TABLE  I 


Suranary  of  Products  for  Dec<»^»Jltlon  of 


T,  ®  K 

300 

300 

300 

300 

195 

195 

195 

Press,  nan 

0.15 

0.54 

1.00 

2.55 

0.11 

0.50 

2.50 

Total  ethylene 

212 

282 

403 

458 

228 

l80 

56i> 

ethylene-^ 

ethylene-’'^ 

ethylene-^Q 

0.103 

e  •  s 

*  e  e 

e  e  e 

0.24 

O.Il 

e  «  • 

2.53 

2.68 

3.07 

3.89 

7.40 

4.22 

6.01 

209 

279 

400 

454 

220 

176 

556 

ethane-d^ 

ethane»j3K 

see 

e  e  e 

e  e  • 

e  •  e 

e  •  • 

e  « 

0.001 

e  «  e 

e  •  4- 

0.013 

0.009 

see 

0o019 

0.059 

ethane->^ 

•  e-  e 

0.04 

0.062 

0.066 

•  »  «r 

0.101 

0.180 

ethane-d^ 

see 

0.15 

0.381 

0.184 

•  •  e 

0.836 

0.225 

propane-dg 

propane-dr 

0. 004 

0.024 

0.003 

e  #  • 

0,02 

e  «  <( 

0.113 

0.017 

0.067 

0,044 

e  e  e 

0. 13 

0.09 

0,240 

projMUie-^ 

0.249 

0.197 

0.410 

0.047 

0.60 

0.91 

0.118 

III 

see 

e  e  e 

e  e  • 

0.006 

e  e  e 

o.oia 

o!oe4 

see 

e  e  e 

e  e  e> 

0„(>4 

0.01 

0.46 

0.044 

0. 115 

0.202 

0.527 

0,263 

0.^^8 

1.32 

butane-^Q 

0.818 

1.10 

1.54 

0.939 

2,15 

?>o51 

1.00 

ethane/butane 

e  e  e 

0. 165 

0.26 

0. 19 

0.20 

0.31 

0,17 

2.4l 

5.45 

4,58 

2.9^ 

6.42 

8.00 

4.41 

®d 

0.061 

0.231 

0.305 

0.836 

0,489 

0.769 

2.98 

Ob 

2,66 

2.71 

3.10 

3.89 

7.88 

4,53 

6.06 

Ok/s<i 

43.6 

11.7 

10,2 

4.65 

16.1 

5.90 

2.04 

7  -1 

iii,  10*  see 

0.243 

0.875 

1,62 

4.13 

0,22 

1.00 

5.00 

k^(lo7  sec**^ 

10.6 

10.3 

16,5 

19.2 

3.54 

5.90 

10,2 

a.  Produots  are  listed  Iri  units  of  10*^  oc.  atni*  at  296^  K. 


TABUS  II 


Seoor 


Isotope  Effect  on 


(k_,  sec*^)  from  Ethyl  Radicals 


Sthyl«d. 

T(®K) 

p  (am) 

Ethyl-d, 

Sthyl-d. 

2  X  Ethyl-dj 

Observed 

"Sw 

195 

(0) 

1.0 

4.7 

2.4 

Ko 

500 

(0) 

2.0 

12.5 

3.1 

Calculated 

*^ao 

195 

0 

1.60 

8.84 

2.76 

ao 

300 

0 

2.56 

13.56 

2.66 

195 

0.1 

1.68 

8.88- 

0.5 

1.88 

9.04 

1.0 

2.00 

9.21 

5.0 

2.22 

9.69 

10.0 

2.40 

10.5 

100 

mm 

12.0 

^aiw 

2.58 

12.46 

2.43 

300 

0.1 

2.72 

13.60 

0,5 

3ol2 

13.9 

1.0 

3.42 

14.2 

3.0 

4.10 

15.2 

10 

5.02 

17.4 

100 

6.46 

23.6 

7.00 

28.6 

2.04 
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These  approximate  statements  are  usef.il  because  of  the  large 


magnitude  of  the  frequency  effects  involved.  Now  (k;„Ati)nMy 
depends  on 


aH  /  *aD 
^aD**eJ) 


1 


V 


IH 


T 


where  the  refer  to  rotational  partition  functions  for  adia¬ 
batic  degrees  of  freedom,  and  the  flrist  two  ratios  repre- 

“J 

sent  lyjj  aaid  If  overall  irotatlons  are  not  active  and 

if  there  are  no  Internal  rotational  degrees  of  freedom  then  J  » 
k  •»  3,  and  1  «  3n  -  6.  For  etliyl  radical  one  . overall  rotation 

A 

is  taken  as  active,  and  for  the  two  adiabatic  rotations  of  etiiyl-dji 


and  '''  nevleatnd. 

tremiam-y  (iRclLudi  ig  i‘o.f  ^thjli/i%i^  moag-at;?  o;? 

ratio  of  <u>ars>5>  i'm'0^^.ed  b.v  ’SiVs  T.oll^iS'-^Redllcl's 
If  pi-efcOTCdy  the  partial  ratio 


IT 


l/S 

K 

D 


T 


^  "‘‘.IH 


k 


1 


*TTT  fT  n-t  f,.- 

J1  ‘'ic'H  •  11 


‘/‘ae  iraa-hw^X 
laortia } 
P-'cOduet  Rtsie-. 


way  be  osqpliicltly  ;pi?eser*ved,  aiid  the  Product  Rule  applied  fe<» 
tills  exproBiiiosi*, 
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